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Technical  Report  No.  44 

GENERATION  OF  ULTRASOUND  AT  METAL 
ELECTROLYTi;  INTERFACES 

by 

Frank  Borsay  and  Ernest  Yeager 

I.  INTRODUCTION 

Wl^en  an  a.c.  potential  is  applied  to  an  electrochemical  interface, 
periodic  volume  changes  are  produced  at  tne  interface.  This  in  turn  should  give 
rise  io  the  generation  of  sound  waves  of  the  same  frequency  in  the  solu- 
tion phase.  This  report  describes  the  first  detection  of  these  sound  waves 
using  a gold  electrode  in  an  acid  electrolyte.  This  effect  offers  a me;ms 
for  examining  the  potential  dependence  of  the  structure  of  the  compact 
double  layer  at  metal-electrolyte  interfaces. 

II.  MECHANISTIC  CONSIDERATIONS 

The  solution  side  of  a metal-electro Lyte  interface  consists  of  two 
layers,  a compact  layer  corresponding  to  the  distance  of  closest  approach  of 
the  ions  to  the  metal  surface  and  a diffuse  ion  layer  (Gouy-Chapman)  extend- 
ing out  into  the  electrolyte  phase  (sec  Fig.  1).  [For  reviews,  see  refs. 

1,2.]  In  the  absence  of  strong  (specific)  ionic  adsorption,  the  plane  of 
closest  ap])roach  of  the  ions  (the  Helmholtz  plane)  in  aqueous  solutions  is 
normally  assumed  to  be  sej)arated  from  the  metal  surface  by  two  water  mole- 
cules. one  in  direct  cont.tct  with  the  metal  surface  and  the  s'econd  in  the 
inner  (primary)  hydration  sheath  of  the  iont»  making  up  this  plane.  Except 

at  or  near  the  potential  of  zero  charge  (pzc)  (i.e.  i}>  - 4 “ 0),  the 

M H 


-1- 


-■i- 


Itplmholtz  piano  consists  of  proclon  innnt  ’ y only  cations  or  anions,  drp- 
ondinp,  on  tlio  sipn  of  tlie  potc^ntial. 

-2 

At  ordinary  electrolyte  concent  rat  Lons  (> 10  M)  most  of  the  pot- 
ential drop  hetween  the  l)ulk  metal  and  hulk  electrolyte  Is  between  tlie 
metal  and  Helmholtz  plane,  Cons<qucntly  the  water  in  the  compact  lay- 
er is  suhiect  to  a larpe  potential  pradLent  except  at  or  near  the  pzc 
(up  tf'  lO^V/cm).  Such  pradlcrts  can  produce  large  changes  in  the 
structure  of  tlie  water  layer,  including  re-orlontatlon  of  the  water  di- 
poles from  predominantly  towards  to  awav  from  the  surface.  This  should 
result  in  substantial  volume  changes  with  changes  in  the  potential  ap- 
plied across  the  interface. 

Acoustical  methods  appear  an  attractive  approach  for  examining 
these  rltangcs  in  the  structure  of  the  compact  laver  w»lth  applied  pot- 
ential. F.vcn  a volume  change  of  only  17  should  result  in  a dis- 
placement of  s/3xl0  cm  and,  at  a modulation  frequency  of  e,g.  500  kHz, 
—8  2 

sound  waves  of  10  W/rn  , wlilch  is  easily  detected. 

Changes  in  the  ion  distribution  in  the  ionic  double  layer  will 
also  contribute  to  the  acoustic  effect.  This  contribution  would  not 
occur  If  the  ions  of  the  double  layer  behaved  ideally.  Any  increase  or 
derreise  in  volume  within  the  layer  rhip  to  a change  of  ion  concen- 
trations would  lie  offset  by  a volume  eli.-nge  of  opposite  sign  In  the 
bulk  .solution  adjoining  the  electrode  surface  within  a distance  small 

compared  to  the  acoustic  wavolengtli  for  frequencies  below  10  Hz.  The 
ion  roncent ration  in  the  diffuse  layer,  however,  can  reach  values  high 
romparr'd  to  the  bulk  conrentratlons  i^lien  (see  Fig.  1)  becomes  sub- 


Inl  >0.  IV)  . Ton  p.nir  .'irKl  triiTrt  forin.ition  results  In  n loss 

of  some  wnter  In  the  outer  and  Inner  loilc  hvdratlon  sheaths  and,  there- 
fore, increments  In  the  ionic  partial  molal  volunes  and  net  volume  of 
the  solution  adlarent  to  the  electrode  surface,  TTie  entrance  of  ions  in- 
to the  Helnholtz  plane  results  also  in  changes  in  their  partial  molal  vol- 
»imes  because  of  chances  in  the  outer  (secondary)  hydration  sheaths.  Fur- 
ther, tiir  specific  adsorption  of  ions  into  direct  contact  with  the  metal 
surface  will  occur  witli  most  electrolytes  at  sufficiently  negative  or  pos- 
itive potential  and  this  should  jiroducc  large  volume  increments  due  to 
the  displacement  of  water  molecules  from  the  interface  as  well  as  ion  hy- 
dration rheaths.  The  extent  to  wliicli  these  various  sources  of  volume 
chanc.es  contribute  to  the  observial  acoustic  effect  depends  on  the  par- 
ticular electrolyte,  metal  electrode  and  the  potential  relative  to  the  pzc . 
V.’itli  a strong  acid  electrolyte  such  as  iC]  0^^ , which  only  weakly  adsorbs  on 
noble  metals  and  has  only  minor  i;oncent rat  ion  dependence  of  the  ionic 
partial  molal  volumes,  the  volum'  chanc ’s  associated  with  the  compact 
layer  are  exnected  to  he  predominant. 

Quantitative  treatments  of  the  potential  dependence  of  the  volume,  of 
the  compact  layer  can  he  carried  out  with  variotis  models  of  this  layer; 
e.R.  the  multiple-si  :\te  models  of  the  c.^mpact  layer  water  proposed  by 
Damaskin  and  Frunkin  (3.4),  Pars(5ns  (5),  Bockrls  and  Habib  (6).  This 
together  with  a tieatmcnt  of  other  contributions  to  the  volume  changes 
will  be  the  sublect  of  a future  publication.  This  effect  should  prove 
useful  in  testing  these  models. 


Tljo  relation  of  this  effect  to  the  theore;  ical  models  for  the  inter- 
face water  structure  can  be  illustrated  as  follows,  using  the  Damaskin 
modification  (A)  of  the  Damaskin  - Fru;rikin  multistate  model  (3)  of  the 
compact  layer  structure.  According  to  this  treatment,  the  water  at  the 
interface  in  the  absence  of  sp.-cific  ionic  adsorption  exists  in  the  form 
of  small  clusters  with  chemisorption  of  individual  water  molecules 
occurring  at  more  positive  electrode  potentials.  Using  Boltzmann 
statistics,  the  surface  concentration  of  the  clusters  can  be  calculated, 
assuming  that  the  clusters  consist  of  a fixed  number  of  water 
molecules  (n)  and  have  their  dipole  moments  oriented  toward  (Nt^)  or  away 

(N»  ) from  the  metal  surface.  If  N_  is  the  total  number  of  entities 
c f 

on  the  sur'ace,  then 


Nf  ■+  Ni  + N , 
c c ad 


and  the  vo  lame  is 


\ = (Nt  )(Vf  ) + (Nl  )(Vl  ) + (N  ,)(V  ) 

1 c c c c aa  au 


(1) 


(2) 


where  the  '/'s  are  the  correspond!!  g effe  tive  volumes.  Tlie  number  of 
species  per  unit  area  can  be  evaluated  with 


N"fc/^T  “ ‘ (h^X/kT) 

= (1/f^)  exp  (-|i^X/kT)  (4) 

'^ad^'^T  " [(-U  + M^jX)/kT]  (5) 

with  tlie  function  f 

o 

° cxp(p^X/kT)  + exp(-(i^X/kT)  + exp[(-U  + p^^X)/kT]  (6) 


and  corresponds  to  the  chemisoibed  water  :aolecules  with  the  dipole 
moment  p and  specific  adsorption  eneri.y  U at  zero  field  X.  A sub- 

ACi 

tended  area  is  assigned  to  each  of  these  three  species  and  a conser\’a- 


tion  of  surface  area  condition  imposed.  Tlie  potential  drop  across  the 


(7) 


compact  1 lyer  (sc^e  I'i;;.  1)  ic  thuu  assumed  to  be 

n <1 

A(f  = AC’  + Ax 

wlior»‘  the  outiT  potential  contrilution  ' i,''  is  given  by 


Arx 

Av  - q 


and  t)if  suriace  potential  cont  ritul  i*ra  . s 


(«) 


Ax  = — ^ I N . P . (9) 

t II 

and  i corresponds  to  the  two  oriental  loan  of  the  water  clusters  and 
the  chemi  .orbed  water;  q is  the  electro  le  ch.irgc.  Following  Damaskin's 
approach  liscretcness-of-charge  effects  can  he  introduced  through  a 
coefficient  X which  is  intended  to  take  into  account  the  action  of  the 
field  of  all  other  dipoles  on  the?  particular  dipole  under  consideration. 
Tlius 


X 


^2  ^2 


(10) 


Then  V can  he  obtained  as  a function  of  A<;.  anti  hence,  applied  potential 

since  for  concentrated  electrodes  AiJ’  = <}>.,  (see  Fig.  1)  to  a good 

n 

approximation.  The  acoustic  .laplitude  can  then  bo.  obtained  frcni  dV/dE 
where  E is  tlie  applied  potential  relative  to  a reference  electrode. 

The  number  of  constants  to  be  intri'duced  is  a problem;  i.e.,  the 
volumes,  dipole  moments,  adsorption  energies  and  subtended  surface  areas 
of  the  various  species.  These  Ciin  be  estimated  on  the  basis  of  models 
for  the  various  species  but  not  with  g,reat  accuracy.  Tlie  approach  of 
Bockris  and  Habib  (6,7)  may  prove  of  !.ome  help  since  it  evaluates  the 
partition  functions  for  the  various  structures. 
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I 

When  ionic  contr itmt  ion.s  nui.M  be  cons i tiered , nirailar  equations 
can  be  set  up  in  l.ems  of  tlie  voluiir'  chanp.c  i;  tendinp,  npeiific  adsorption 
and  .also  it>n  ptiir  ;ind  triplet  fonr.atinn  in  t.!u  ionic  double  layer.  Tlte 
e 1 er t romodvil  at  ion  of  tiie  surftice  concent  I'atioa  of  adsorbed  ions  can  be 
citlculated  under  etpii  1 i hr  iura  conditions  rom  ;_he  adsorptions  isothenr.s, 
evaluated  for  extiir.ple  oji  t i (-.il  ly  (ll).  A;  frequencies  in  the  ultrasonic  range, 
however,  kinetic  and  diffusional  factors  will  .also  need  to  be  coi.sidered. 

^ Tlte  development  of  the  detailed  tretUnent  of  tills  effect  is  in  progres.s 

along  these  lines. 

111.  AI’PAiiATUS  /\ND  TEClLNiqUES 

! 

To  differentiate  this  electroacoustic  effect  from  electromagnetic 

I cross  talk,  the  measurements  have  been  carried  out  with  pulse-modulation 

teclmiques  using  the  differences  in  the  propagation  velocities  of  acoustic 

and  electromagnetic  waves,  with  the  arrangement  .shown  in  Fig.  2.  An 

• acou.stic  frequency  of  540  kHz  was  used  for  this  study.  At  frequencies 

below  tiiose  at  wliich  interfacial  relaxation  occur  (<10^  Hz  in  the  absence 

of  specific  .adsorption),  the  volume  change  witli  potential  is  independent  of  fre- 

I qucncy.  Therelore  under  ideal  circumstances,  tlie  acoustic  intensity 

1 is  related  to  tlie  displacement  amplitude  a and  lienee  tlie  volume  changes 

2 2 

I liy  tlie  expression  1 = 1/2  tii  a^  where  i.  is  the  .ingular  frequency.  Consequently 

tiio  liiglier  tlie  frequency,  tlie  greater  is  the  intensity.  Tlie  frequency 
range  10^  i.o  10^  Hz,  however,  is  boi.t  suited  to  quant  i t.ativo  acoustic 
measurements.  At  higlier  f requencii-s , the  short  wavelength  requires  much 
thinner  diaphragms  and  leads,  to  more  problems  with,  alignment  and  acoustic 
losses.  At  lower  frequencies,  large  diaphragns  and  tanks  are  required  to 
reduce  difiraction  .and  cope  with  h.iiid  width-delay  time  restrictions  with 
tuned  ampl..f iers. 


J 


Figure  2.  Apparatus  for  acousto-elcctrochemical  measuri'n  jnts.  Potentios^  <jt ; 

PAR  Model  17b.  Function  generator:  PAR  Mod«.  1 175.  Pulse  modulated 
r.f.  generator:  Arcnberg  Model  PG-650-C.  Boxcar  integrator:  PAR  Model  16 
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Thi*  ici'us  t t)-c  Ici' t roclii-mi  c.'i  1 cell  and  Lh'-  dfteclion  transducer  were 
mounted  within  a water  filled  tank  affording  acoustic,  delay  tines  up  to 
1 ms.  liie  detectiiui  transducer  was  a A . 0 -cu  circular  barium  titanate 
plate  with  a Ulz  fundamental.  Tiie  source  of  modulation  potential 

and  iletection  electronics  are  sliewn  in  the  block  diagram  (Fig.  2). 

The  acoustic-elect  roclicnical  cell  ar  ran;',ement  (Fig.  3)  provided  a 
means  for  isolating  the  metal-elcctroly ! e interface  from  the  water  of 
the  tank.  Hiis  permitted  the  maintenin.e  of  far  hig.her  purity  control 
in  the  electrolyte  than  would  be  possib.le  if  the  acoustic  waves  were  de- 
tected in  tlie  electrolyte.  The  cell  hody  wa  . constructed  of  Teflon  with 
an  outer  brass  case  to  provide  sb.ielding  and  rigidity,  llie  pulse-modu- 
lated rad lO-f requency  potential  (540  kHz)  was  applied  between  one  side 
of  a g.old  diaphragm  and  a parallel  gold  screen  (200  mesh).  The  gold 
diaphr.igm  was  sufficiently  thin  (0,013  cm)  that  sound  generated  at  the 
dinphrag,in  and  met;li  electrodes  wa;.  transmitted  into  the  water  of  the  tank 
with  little  attenuation.  The  diameter  of  tlie  .sections  of  the  gold  dia- 
phrai.m  nn<l  incs'di  expo;;ed  to  the  electrolyte  w.is  2.54cm.  Tliis  is  large 
compared  lo  the  wavelength  in  thc'  solution  and  hence  tlie  energy  in  the 
diffraction  lobes  is  rather  small. 

llie  dc  potential  of  the  gold  di.rphiagm  was  controlled  relative  to  a 

siiturated  c.ilomel  rcfe,ren>e  electrode  (SCK)  by  mean;?  of  a potentiostat 

2 

using,  a g.old  counter  electrode  of  10-ci;i  ' are.i  locaL<.‘d  behind  the  grid 
electrode  (see  Fig.  3).  Tne  cell  .also  included  a gold  prc-clectrolysis 
anode  and  cathode  for  removing  impurities  by  pre.-t  lectrol  ysis . In  the 
pre  1 i mii n.i  y mcasurenK'nts  reported  herein,  the  dc  potei  t ial  of  the  mesh 


eletlrodc  was  not  controlled. 


A U MESH  (r.f) 


?.E 


TEFLON 


AUMESH 

AU  DIAPHRAGM 


]'i(’,ure  3.  AcousLo-clet  Iroclu'mi  cal  cell  R.-  KaturaLed 
caloiTk‘1  rcfiTCiic-  elect  rcdc.  P , P - 
pre-elect  rolys  Ls  i^lt  ctrodes  (Au;.  C - 

counter  electrode  fc>r  controlling,  dc 
potential  of  Au  dlaihrajTii  electrode. 
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Till  , icon.'.  1 ic  ri;.iion:.('  luib  luia  i ei  ordi'i!  v%!iilr  liiu’.irly  sv/fojii  n{;  tlif 
(Ic  vo1i.i);r  of  till'  )•.<''>'  (1  i apliraj’.in  cli'i  1 1 oilc.  in  a posit  ivr  ami  then  ne.p, alive 
d i 1 i-c  i ion . 'Die  modulation  voltaip'  applied  l.etwecn  the  two  parallel  elec- 
trodes .ippe.irs  principally  across  llic  electrolyte  rer.istance  with  only  a 
small  fraction  at  the  two  intcrf.iees.  Tlie  interface  impedances  are  mostly 
eapacitivc  with  tiie  value  dependent  on  the  dc  potential.  At  potentials  in 
tile  range  -0.2  to  0 . 7Vf  iUi. ) the  capacitance  for  bright  gold  in  2M  UCIO,  Is 
typically  30  to  AOpF/cin'^  with  only  minor  dependence  on  dc,  potential.  For 
li.is  electrolyte,  tlie  resistance  between  the  diaphragm  and  mesh  electrodes 
is  calrul.ited  to  he  O.IA  ohms  at  audi<5  frequencies  using  a Wayne-Kerr 
biidg.e  (model  B221).  Assuming  the  area  in  contact  with  the  electrolyte  to 
be  approximately  the  same  for  the  diaphragm  and  mesh  electrodes,  the.  esti- 
iTviieil  fra  tion  of  the  total  applied  modulation  voltage  across  each  inter- 
face is  2 . f)  X 10 

'llie  volume  changes  at  the  mesh  electrode  are  180°  out  of  phase  with 
those  at  '.he  diaphrag.m  at  the  sane  dc  potential.  To  obtain  proper  phase 
rc.'lations  between  sound  generated  at  the  two  electrodes,  the  spacing  has 
hi  en  adjusted  to  one  Italf  waveleng.th  (0.139  cm  at  5A0  kHz).  Tlie  cell  has 
not  been  optimized,  however,  for  the  standing  waves  reflected  of  the  Tef- 
lon end. 

IV,  RJ'lSUl.TS 

ITie  relative  acoustic;  response  is  .shown  in  Fig.  4.  These  results 
must  be  considered  rather  preliminary  since  the  electrolyte  may  have 
contained  sufficient  impurities  including  Cl  ions  to  disturb  the  inter- 
face properties.  Extreme  purification  procedures  are  necessary  to  assure 


adequate  i>urity  for  such  exp>  rlments  and  will  be  used  in  later  work. 


-12- 


Thc  volL.L':iai!t.ry  curvi^s,  however,  h.ivi:  b»  en  examineil  imder  similar  condi- 
tions in  this  cell  and  found  to  be  essentially  the  same  as  published 
earlier  (/,  8)  from  our  laboratory  in  purifli-d  electrolytes.  The  acoustic 
signal  in  Fig.  4 includes  a contribution  from  the  gold  mesh  electrode, 
wliich,  while  unknown,  was  constant.  This  unknown  component  makes  it 
iraj)Ossible  to  establish  whether  the  aioustic  signal  passes  through  zero 
with  a 180°  - pha^e  change  at  any  poti'ntial  in  the  r;mge  shown  in  Fig.  4. 

In  future  work  the  potential  of  both  of  the  parallel  r-f  electrodes 
will  be  maintained  the  s;une,  so  as  to  insure  constructive  Interference 
with  a half  wavelength  spacing  and  iu-nci  to  know  the  zero  acoustic  signal 
condition  for  both  electrodes. 

Tile  behavior  indicated  in  the  "vol  tacoustogram"  in  Fig.  4 seems  quite 

reasonable.  Tlie  voltage  region  with  the  large  hysteresis  at  potentials 

positive  to  0.8V  vs  SCE  corresponds  to  the  very  irreversible  formation 

and  reduction  of  .in  anodic  oxide  layer  at  a monomolecular  level.  The 

formation  of  this  film  results  in  a pronounced  change  in  the  intrinsic 

properties  of  the  interface  as  well  as  a substantial  change  in  the  electrode 

capacitance  and  hence  fraction  of  the  modulation  voltage  across  the  interface. 

Tne  region  negative  to  0.7V  is  free  of  hysteresis  as  is  to  be  expected 

for  gold  in  the  "anion  region"  where  the  potential  is  positive  to  the 

pzc  but  only  a small  amount  of  specific  adsorption  of  CIO^  - anions  occurs. 

[For  gold  in  2M  HCIO^,  the  pzc  is  estimated  to  be  '^-O.IV  vs  SCE  from 

literature  data  (9,  10).]  At  the  swei'p  rate  of  50mV/s  used  in  this 

-6  4 

experiment,  the  residual  Cl  (estimated  at  a/lO  M in  the  HCIO  ) should 
have  relatively  little  effect  even  tluug.h  this  ion  rather  strongly 
adsorbs  on  gold. 

Tlie  aildition  of  org.inics  such  as  benzene  (Fig.  5)  to  the  electrolyte 
has  a major  effect  on  the  magnitude  and  potential  dependence  of  the  effect. 
This  is  not  surprising  since  such  species  ad.sorb  strongly  on  tlie  electrode 


BNOHdOdOAH 


various  poLonLials  and  can  also  under;, o Faradaic  processes  yielding 

various  oxidation  and  reductl  a products.  'Jlit  adsorbed  species  cliange 

the  potential  distribution  across  the  interface.  The  .structu  il  ciiang*!S 

produced  by  tlie  poti'ntial  modulation  Ix'cume  considerably  mere  complex 

since  tliey  involve  the  adsorbed  species  .is  well  as  water  molecules.  At 

4 

low  modulation  frequencies  (<10  Hz),  the  ao  potential  modulation  will 

in  turn  modulate  the  surface  concentration  of  the  adsorbed  species  and 

iience  with  tlie  volume  change  will  produce  an  additional  volume  modulation 

component  associated  with  tlie  change  of  the  partial  molal  volume  of  the 

species  with  adsorption-desorption.  At  frequencies  above  lO^Hz,  however, 

tlie  adsorption-desorption  process  is  likely  to  be  too  slow  to  follow  the 

a.c.  modulation  because  of  diffusion  restrictions  at  the  low  concentrations 

of  these  species.  Tlie  acoustic  response  provides  a sensitive  readout 

for  recognizing  adsorption  at  metal-electrolyte  interfaces  and  may  prove 

useful  for  this  purpose  in  research  on  such  interfaces 

On  the  basis  of  a radiation  pressure  calibration  of  the  hydrophone 

using  a second  acoustic  source  at  540  kHz,  the  rms  acoustic  velocity 

corresponding  to  0.8  units  for  the  2M  HClOj^  curve  in  Fig.  4 is  estimated 
-9  2 

to  be  10  W/cm  at  a distance  of  135  cm  from  the  gold  diaphragm  source. 

This  value  seems  reasonable  in  terms  of  a few  tenths  of  a percent  change 
in  the  volume  of  the  double  layer  for  a -modulation  amplitude  of 
'vl5  mV  for  each  electrode. 

Tliis  acousto-electrochcmical  effect  is  expected  to  prove  a useful 
readout  of  uncompensated  volume  changes  at  electrochemical  interfaces  and 
particularly  a test  for  various  models  of  the  compact  double  layer. 
Quantification  of  the  measurements  requires  careful  design  of  tlie  cell; 


this  is  progress. 
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This  1‘fft'cL  is  too  Maall  to  Ix'  a p r.i ' t Ic.'i  * source  for  soumi  general  j on . 

It  Is  possible,  however,  to  CMili.ince  the  effect  by  stacking  a number  of  very 

-2 

thin  electrodes  with  very  sm.ill  electrolyte  gaps  (e.g.  10  cm  or  less). 

The  metal  electrodes  can  be  bipolar,  i.e.,  expose  diflerent  metal  surfaces 
on  opposite  sides  with  tin-  metals  chosen  o giv»-  the  proper  ph..se  relation. 
With  such  an  arrangement  most  of  the  applied  a.c.  potential  will  he 
across  the  interfaces.  Under  such  circumstances  mucli  greater  volume  changes 
and  hence  acoustic  amplitudes  can  he  obtained  ironj  eacli  interface  through 
the  use  of  high  surface  area  forms  of  the  metals  such  as  gold  and  platinum 
metal  blacks.  At  a given  frequency,  eiihaacement  of  the  effect  by  60dB 
sltould  be  possible.  Such  transducers  may  prove  interesting  for  laboratory 
generation  of  ultrasound  when  a broad  btc.d  traiisduoer  is  required. 
Acknowledgments : Tlie  authors  acknowledge  useful  discussions  with  Dr.  W.  E. 
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